The paracrystalline structures appearing in human adenovirus-infected KB and human embryonic lung fibroblast cells have been shown by immunofluorescentstaining procedures to be serologicaly related to the adenovirus core protein(s) -the arginon and P-antigen components described by others. Cytochemical staining and arginine-depletion studies demonstrated the arginine-rich nature of the paracrystalline formations. It was possible, using proflavine or decreased amounts of arginine in the culture medium, to block the assembly of intact virus particles without affecting the appearance of the paracrystals.
INTRODUCTION
Paracrystals, the virus-induced crystalline structures found in the nuclei of adenovirusinfected cells at late times after infection, were first reported by Morgan et aL in I957. Since that time, several reports have been published in which more information concerning the ultrastructure and chemical nature of the paracrystals has been given (Leuchtenberger & Boyer, 1957; Morgan et al. 196o; Givan, Turnbull & J6z6quel, 1967; Matsui & Bernhard, i967; Torpier & Petitprez, I968; Givan & J6z6quel, I969; Weber & Liao, I969; Boulanger, Torpier & Biserte, I97O; Henry et al. I97I) . The consensus of these reports was that the paracrystals are protein in nature and contain no detectable nucleic acid.
The ultrastructure of the crystals is such that the fine structure of the subunits is unique for the subgroup of the inducing adenovirus (Weber & Liao, I969; R. Marusyk, unpublished observations) . Boulanger et al. (197o) and Henry et al. (I97I) postulated that the paracrystals induced by human adenovirus types 2 and 5 represented accumulations of excess virus capsid components-hexons and pentons.
This study was undertaken to determine the possible nature of the paracrystals. Data are presented which indicate that the paracrystals may represent accumulations of the adenovirus core protein(s).
METHODS
Virus strains and cell cultures. The prototype strains of human adenovirus types 2 and 5 were propagated on monolayer cultures of KB cells (mycoplasma-free). Human embryonic lung fibroblast cells were used for immunofluorescent experiments and for infectivity titrations. Virus input multiplicities of I to Io TCID 50 per cell (1"5 x io 7 cells per culture vessel) were used in all experiments. The cell cultures were maintained on Eagle's minimal essential media containing 2 to 5 % inactivated calf serum.
Serological techniques.
Virus and structural components were detected as previously described (Norrby & Wadell, I969; Wadell & Norrby, I969) . Antisera directed against specific virus components was prepared as described by Norrby & Wadell 0969 Histologicalstaining techniques. Coverslip cultures used for the immunofluorescent studies were floated off the glass microscope slides with an excess of phosphate-buffered saline (o-o67 M, pH 7"4; PBS), then immediately fixed in Carnoy's solution for 4 min. at room temperature. The monolayers were then air-dried and stained with a freshly prepared solution of 2 ~ acetoorcein followed by alcohol washing and mounting. Cytochemical staining of infected cells with phenanthrenequinone was done as described by Russell, Brodaty & Armstrong (~97~ a).
Electron microscopy. Virus-infected cell cultures grown in glass milk-dilution bottles were prepared for electron microscopy using the technique described by Norrby, Marusyk & Orvell (197o) .
RESULTS

Ultrastructure of virus-induced paracrystalline formations
Electron microscopic examination of human adenovirus type 5-infected KB cells at 4 8 to 7 2 hr after infection revealed the structures shown in Fig. I A. The nucleus of the cell was largely taken up by the paracrystal structures as well as with other virus-induced inclusion bodies and virus particles. The fine structure of the paracrystals can be seen in Fig. I B. In the studies to be described, this particular appearance of an adenovirus-infected KB cell nucleus was taken to be the 'normal' appearance. Paracrystals appearing in the nucleus of adenovirus type 5 or type 2-infected human embryonic lung fibroblast cells closely resembled in size and fine structure those appearing in the adenovirus-infected KB cells.
Immunofluorescent-staining experiments with eapsid component antisera
Indirect immunofluorescent-staining of adenovirus type 5 or type z-infected fibroblast cells at times longer than 48 hr after infection with virus capsid component (hexone, fibre or penton) antisera failed to reveal any crystal-associated fluorescence (Fig. 2) . The dark areas within the stained cell nucleus could be identified as paracrystal structures because of their greater refractive index when viewed by phase-contrast microscopy.
Antisera prepared against antigens known to be related to the adenovirus core protein(s), i.e. antisera against the adenovirus type 5 P-antigen (Hayashi & Russell, I968) and the adenovirus type 2 arginon (Prage & Pettersson, I97 I) components were shown to contain antibody directed against the crystal protein. Fig. 3 and 4 show representative examples of cells stained with these sera. It is apparent that structures morphologically resembling the paracrystals seen by electron microscopy were stained. In several cases the distinct outline of the crystal could be seen. In order to further demonstrate that the structures stained with fluorescent-labelled antibody were paracrystals, the same preparations were histologically stained and viewed with phase-contrast microscopy. Fig. 5 shows a fibroblast cell nucleus containing structures resembling in outline those shown in Fig. 3 and 4-Visualization of the same paracrystal-containing cell under both fluorescent and light microscopy was possible.
The arginine-rich nature of the paracrystals was demonstrated utilizing the argininespecific phenanthrenequinone cytochemical staining method recently described by Russell et al. 097I a) . Virus-infected cells were stained 48 to 72 hr after infection and viewed by fluorescence microscopy. The phenanthrenequinone-stained nuclear inclusions somewhat resembled those reported by Russell et al. 097ra) in their studies of the development (8 to 36 hr after infection) of the adenovirus core protein(s), and were, in this study, interpreted to represent the paracrystal structures.
Appearance of paracrystals under conditions preventing adenovirus maturation
Once the protein(s) of the paracrystals were shown to be serologically related to the adenovirus core protein(s), it was considered of interest to further explore the relationship. It has been previously shown that the maturation of the adenovirus virus particle is arginine dependent (Rouse & Schlesinger, I967) and that this arginine-dependency may be related to the synthesis of the core protein(s) which consist of approximately 2o ~ arginine (Prage & Pettersson, I970 . The formation of paracrystals in arginine-deprived infected cells was therefore studied. Four hr prior to infection with adenovirus type 5, KB cell monolayers were washed thoroughly with PBS and arginine-depleted medium was added. The cells were infected, the virus adsorbed for 90 min. at 37 ° and the residual virus removed with washing. Fresh arginine-depleted medium was added and the infected cells incubated for the desired time interval. Fig. 6 shows the appearance of such a culture 48 hr after infection. As expected, no virus particles were visible, but as well, no paracrystals were seen in any of the preparations (compare Fig. 6 and I A) . The nuclei did, however, show certain signs of virus infection, e.g. margination of chromatin.
Experiments were then done to determine the arginine concentration required for paracrystal and virus particle maturation. Several arginine concentrations ranging from o to o.6 m-mole (the concentration found in normally constituted media) were used (Table I) . At a concentration of o.o2 m-mole arginine, it was found that paracrystals were formed (Fig. 7) though the number was greatly reduced from that found under control conditions. Again, no virus particles were seen. The effect of addition of arginine to infected, argininedeprived cells was also studied. In these experiments, infected ceils were incubated for 48 hr Toxic concentration * HE = haemagglutination enhancement. in arginine-depleted media (as described above) at which time an amount of arginine calculated to bring the concentration to 0.6 m-mole was added. The cultures were then incubated for a further 24 hr before electron microscopic examination. Fig. 8 illustrates the result obtained. Paracrystals, but no virus particles were seen. However, I2 hr later virus particles were again found in the nucleus.
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In each of the experiments in which only paracrystals were seen, structural components were present as detected by serological techniques. Though no virus particles were observed by electron microscopy at arginine concentrations of o.o2 m-mole and lower (Table I) , infectious virus was detected, but at a titre almost 4 logs lower than in control cultures.
Proflavine, an acridine derivative, was shown by Wilcox & Ginsberg (1962) to interfere with the assembly of adenovirus virus particles without affecting the synthesis of the capsid components. Proflavine was used as a blocking agent in further experiments to determine if the synthesis or formation of paracrystals could occur in the absence of virus assembly. Proflavine at a concentration of 2-0/,g./ml. media was added at I2 to 14 hr after infection and found to apparently block the assembly of virus particles as detected by electron microscopy (Table I) , but not to affect the appearance of the virus-induced paracrystals (Fig. 9 )-The number of paracrystals formed was, however, reduced from that found in control cultures. Concentrations of proflavine less than z.o #g./ml. were not effective in blocking virus assembly, while those above this concentration proved toxic to the cell cultures. Blockage of virus synthesis with cytosine arabinoside (lO #g./ml. media), an inhibitor of adenovirus DNA synthesis (Russell & Knight, I967) also blocked the appearance of paracrystals.
DISCUSSION
Contrary to the report of Boulanger et al. (197o) , no relationship between the paracrystals induced by an adenovirus and the adenovirus capsid components could be demonstrated by immunofluorescent techniques. Highly specific hexon, penton and fibre antisera were shown not to bind with the crystal structures. The availability of antisera against the core protein(s) of adenovirus type 2 (Prage & Pettersson, I97I) and type 5 (Hayashi & Russell, 1968) made it possible to show a positive relationship between the crystal structures and these particular components. It was of interest that the two antisera were directed against different adenovirus serotype core protein(s), yet both were able to associate with the adenovirus type 5-induced paracrystals. In the light of these data, it is also of interest to note that the fine structure of the paracrystals may be related to the serotype of the inducing adenovirus (Weber & Liao, I969; R. Marusyk, unpublished observations). Taken together, this information supports recent data in which a group-specificity of the isolated core protein(s) was demonstrated (L. Prage, personal communication).
The distinctive shape of the paracrystals could be easily seen in the fluorescent preparations as well as in the histologically stained preparation of the same cells. Russell et ak (I97x a) recently reported on the cytochemical staining of arginine-rich areas within the adenovirusinfected cell nucleus -areas which could also be shown to contain the P-antigen. There was a close resemblance of the immunofluorescent-stained paracrystals seen in this study to the cytochemically stained nuclear inclusions reported by Russell et al. 097I a). It may be that these investigators were able to demonstrate the early accumulation (before crystallization) of this arginine-rich protein. It is of importance to mention the nature of the two coreprotein antisera used in this study. The adenovirus type 2 arginon antiserum was directed against a single, purified characterized adenovirus core protein, whereas the P-antigen antiserum has been shown to be heterogeneous in nature. As originally prepared by Russell et al. 0967) , the antigen preparation used for immunization stimulated the production of antibodies which did not react with capsid components but did react with 'early' extracts (I6 hr after infection) of adenovirus type 5-infected cells (Russell & Knight, 1967) . The significance of these specificities in interpreting the data obtained in this study is not fully understood.
The maturation of the adenovirus virus particle has been shown to be dependent upon the presence of the amino acid arginine (Rouse & Schlesinger, I967) which comprises approximately 2o ~ of the newly characterized core protein(s) of the adenovirus (Prage & Pettersson, ~97~; Russell, McIntosh & Skehel I97Ib) . All the studies so far reported have dealt with the core protein(s) isolated from purified virus particles. As the adenovirus infectious cycle yields a 9o ~ excess of capsid components (Ginsberg, I965) , it seems reasonable to assume that the internal protein(s) also may be present in excess quantity, and as such, should be readily available for further study.
Proflavine has been reported to block the assembly of several bacterial viruses (Kozloff, ~968) by acting on the phage control process, apparently at the stage of assembly of the complete virus particle from newly synthesized structural components. A similar effect of the acridine derivative was demonstrated for certain animal viruses (Ledinko, ~958; Franklin, 2958) including adenovirus type 5 (Wilcox & Ginsberg, I962 ) . As the paracrystals are usually seen only after the appearance of complete virus particles, it was important to learn if the assembly or presence of complete virus particles was a prerequisite for paracrystal formation. As seen from the data in this communication, it was apparently possible to block the assembly of the adenovirus virus particle without affecting the assembly of the paracrystals. The number of paracrystals was reduced but the fine structure and general morphology were unaffected.
In both the arginine-depletion and proftavine-blockage experiments, the appearance of paracrystals in the apparent absence of virus particles might be interpreted as follows. The assembly of excess amounts of one of the virus core proteins into the paracrystalline formation may be a less complex mechanism than the assembly of the complete virus particle. It is reasonable to assume that the assembly of the adenovirus virus particle requires a further maturation of the core protein(s), possibly with the aid of an unidentified maturation protein.
Even though the paracrystals have been shown to be related to the adenovirus core protein(s), their exact role, if any, within the adenovirus infectious cycle is still not known. Russell et al. (I97I b) have, however, recently demonstrated the association of virus DNA with one of the identified core proteins, and it may be that this relationship is somehow related to the core protein(s) and the paracrystals. It is also unlikely that the paracrystals represent depositions of by-products of infected cells, as such deposits would not react with antiserum prepared against a purified, characterized adenovirus core protein as was shown in this study.
Attempts to isolate the intact paracrystals from the infected cell nuclei have proven unsuccessful because of the high solubility of the structures (R. Marusyk, unpublished observations). Polyacrylamide gel eIectrophoresis studies of the basic proteins isolated from uninfected and adenovirus type 5-infected ceils (Russell, I97~) have not shown that excessive quantities of core-like protein(s) are produced -an unexpected result when the appearance of the uninfected and infected cell is considered. High-resolution autoradiography studies are now under way in this laboratory in an attempt to further clarify the nature of the paracrystals.
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